This paper develops several propositions concerning the lability of the amplitude of Drosophila circadian pacemakers. The first is that the amplitude of the pacemaker's motion, unlike its period, is markedly temperature-dependent. The second is that latitudinal variation in pacemaker amplitude (higher in the north) is responsible for two very different sets of observations on Drosophila circadian systems at successively higher latitudes. One of these is a cline in D. auraria's phase-shifting response to light, which steadily weakens in a succession of more northerly strains. The other, concerning D. littoralis in the very far north, is a cline in the rate at which eclosion activity becomes arrhythmic (the circadian rhythm damps out) in constant darkness; damping is faster in the north.
Our interest in the lability of circadian pacemaker amplitude was prompted some years ago by the marked temperature dependence of the transients (Pittendrigh, 1981a ) that precede a steady-state phase shift of the Drosophila eclosion rhythm, as distinct from that of its pacemaker. The relevant observations are summarized in Figure 1 . As the so-called &dquo;twopulse experiment&dquo; shows (see Fig. 6 of Pittendrigh, 1974) , a single, brief light pulse causes an immediate phase shift of the rhythm's pacemaker. The nearly instantaneous nature of that shift obtains, whether it is an advance or a delay, and whether the temperature is 15°C FIGURE 1. Temperature dependence of the transients that precede a phase shift of the Drosophila pseudoobscura eclosion rhythm but not of its pacemaker. Left-hand panels: &dquo;Two-pulse experiments&dquo; (see Pittendrigh, 1974, Fig. 6, for details) showing that a pacemaker phase shift elicited by a single light pulse (open arrows in the panels) is effected essentially immediately (i.e., without transients), and that this obtains whether the phase shift is an advance or a delay, or whether the temperature is 15° or 25°C. Right-hand panels: Diagrams illustrating the prolonged time course of the rhythm's phase shift; it requires several cycles, especially at the higher temperatures. At each temperature, several replicate cultures receive pulses at different circadian times, thus generating different phase shifts. On the day preceding the pulse, all the eclosion peaks are synchronous. The gradual advance or delay of the eclosion peaks (medians plotted) in the pulsed cultures is recorded on successive days. The higher the temperature, the more cycles are needed to complete the phase shift. (Data from Pittendrigh, 1981 a. ) or 25°C. But the rhythm driven by the pacemaker behaves very differently. First, at 20°C there is a great asymmetry in the transients: Phase advances take longer than phase delays to reach a steady state. Second, this asymmetry is lost as both advances and delays go more slowly at 25°C or more rapidly at 10°C. The essential point is the temperature dependence of the rate at which the rhythm's phase shift catches up with that of its pacemaker, and the surprising aspect is that the lower the temperature, the faster the rate. The meaning of these major differences in the kinetics of pacemaker and rhythm phase shifts lies in the two-oscillator structure of the circadian system involved. The act of eclosion is timed not by the pacemaker itself, but by a separate slave oscillation that is coupled to and driven by the pacemaker Pittendrigh, 1960 Pittendrigh, , 1981a . Equations 1, 2, 3, and 4, taken from Pittendrigh (1981a) , constitute a mathematical version of this model: &dquo;Standard&dquo; values of the coefficients are as follows: a = 0.5 ; b = 0.3; c = 0.8; d = 0.5; C = 1.0. c~B in equation 4 is the frequency of the slave (B) oscillator.
Equations 1 and 2 were developed by Pavlidis (1967;  see Appendix) for the Drosophila pseudoobscura pacemaker (the A oscillator of ; equations 3 and 4 define the van der Pol oscillator taken to model the slave (the B oscillator of . The pacemaker entrains to light-dark (LD) cycles because its state variable R is photochemically reduced. The coupling of slave to pacemaker is effected by the dependence of Y (slave) on S (pacemaker). Coefficient C in equation 4 provides for variation in the strength of a channel linking pacemaker (S) and slave (Y). Simulations with this model showed-as expected-that following a phase shift of the pacemaker (which is almost instantaneous), the number of cycles necessary for the slave to catch up with it depends on the strength with which they are coupled. In initial simulations coupling strength was raised by improving the coupling channel (increasing C) between pacemaker and slave. Since C is only a multiplier of S, variation in pacemaker amplitude itself should have the same effect in changing the duration of the transients. That would, however, imply that the pacemaker's s amplitude, unlike its period, is temperature-dependent. Initially that seemed unlikely and the possibility was not pursued, but further simulations have shown that the doubts were unfounded.
Two distinct classes of amplitude variation can be realized by the Pavlidis pacemaker. The first, which one expects of a nonlinear oscillator, is period-dependent. Change in any one of the four parameters in equations 1 and 2 changes the Pavlidis oscillator's period, with an attendant change in its amplitude. Decrease in either b or c causes an increase in both the period and amplitude of the two state variables. Decrease in either a or d again increases period but decreases amplitude (Fig. 2 , left-hand panels). These period-dependent amplitude variations do not, however, exhaust the possibilities inherent in the Pavlidis equations. When the coefficient (b) of the quadratic term in equation 1 is reduced to zero (or near zero), the oscillation takes on properties more familiar in linear systems. Specifically, its amplitude can now be varied substantially without impact on its period, and the realizable range of these period-independent amplitude variations far exceeds those that are perioddependent ( Fig. 3 ). When pacemaker amplitude is varied in this way (changing d with b = 0.001), its direct impact on transient duration-as expected-is as pronounced as that from variation in C (Fig. 4 ).
In D. pseudoobscura, lowering the temperature from 25°C to 10°C causes an increase in period of -1. 3 hr (Fig. 5 ). Simulations with the Pavlidis model show that that maximum amplitude increase attributable to such period variation is insufficient to explain the observed variation (due to temperature) in the rate at which the slave oscillator completes its phase shifts. The range of amplitude variation needed to mimic the observed difference (10°C vs. 25°C) in the duration of transients is only realized as period-independent change-specifically by varying parameter d with b near zero (Figs. 3 and 4). FIGURE 2. Period-dependent amplitude variation of the Pavlidis pacemaker and its impact on the phase response curve (PRC) for brief light pulses; period is varied by changing parameters b, c, a, and d in successive rows (see equations 1 and 2 in text). Left-hand panels: Phase-plane portraits of the oscillator running with periods of 23 hr (dotted lines) and 25 hr (solid lines). Right-hand panels: Corresponding PRCs for the oscillators running at 23 hr (dotted lines) and 25 hr (solid lines). The higher the phase-plane portrait, the lower the amplitude of the PRC.
Given this demonstration of the pacemaker's period-independent amplitude lability, our preferred interpretation of the temperature dependence of rhythm transients is temperature dependence of pacemaker amplitude. It is surely more economical than an interpretation based on a distinct coupling channel, which was only added to the model when major periodindependent amplitude variation was thought so unlikely (Pittendrigh, 1981a) . The amplitude interpretation is also more attractive by virtue of its testability (see below), and it is heuristically more powerful in yielding equally testable explanations of two wholly unrelated sets of observations that concern latitudinal clines in the Drosophila circadian system. The first of these is a cline in the amplitude of the Drosophila auraria eclosion pacemaker's resetting responses to brief (weak) light signals. The second is a cline-in the very far north-in Figure 6 (left-hand panels) gives phase-plane diagrams of the Pavlidis oscillator exposed to brief light pulses applied at two different phases of the cycle and varying in strength. Because it reduces R, the effect of a light pulse is to move the system down the R axis of the phase plane. If the pulse is strong enough, an immediate phase shift is effected: The oscillator is displaced to an earlier or later point (phase) on its limit cycle, depending on the phase at which the light pulse was given. Weaker pulses (effecting a smaller reduction of R) may fail to drive the system all the way across the limit cycle, but may displace it to an earlier or later isochron (Winfree, 1980) , which corresponds to a new phase on the limit cycle that FIGURE 4. The rate (number of cycles) at which the slave oscillator regains its steady-state phase relation to the pacemaker depends on the strength with which they are coupled. Upper panel: The four curves plot the time course of the slave oscillator's resetting when driven by pacemakers with four different (1.2, 1.8, 2.5, and 6.3) amplitudes. The slave resets immediately (i.e., in one cycle) only at the highest pacemaker amplitude. Lower panel: Period-dependent amplitude variation of the Pavlidis pacemaker is insufficient to effect this. FIGURE 5. Systematic variation of the period of the Drosophila eclosion rhythm's pacemaker as a result of temperature (D. pseudoobscura; data from Pittendrigh, 1981b) and latitude (D. auraria; data from Pittendrigh and Takamura, 1989). FIGURE 6. Phase-shift responses are a function of signal strength and pacemaker amplitude. Upper left panel: Phase-plane portrait of the Pavlidis pacemaker exposed to brief light pulses of different intensity at two different times in the subjective night. All pulses drive the system down the R axis of the phase plane. Those early in the subjective night (circadian time [CT] 17) leave the system on an earlier isochron, causing a phase delay; those later in the night (CT 19) cause an advance. The higher the light intensity, the greater the shift. Middle left and lower left panels: The Pavlidis pacemaker running with periods of 23 hr (middle panel) and 25 hr (lower panel); amplitude is greater when the period is 23 hr. A pulse of the fixed duration and intensity given at the same phase in the cycle (CT 17) causes a greater shift (2.0 vs. 0.6 hr) when the amplitude of R variation is lower (in this case, when the period is 25 hr). Upper right panel: Phase-plane portraits of the pacemaker running at various amplitudes. Middle right panel: Corresponding PRCs obtained with a constant light pulse-the greater the amplitude of R, the lower the amplitude of the PRC. This family of PRCs mimics that (lower right panel) obtained with a range (a > b > c > d) of pulse intensities applied to a pacemaker of fixed amplitude. the (Pavlidis) oscillator reaches in the next cycle. It is clear for a given pacemaker amplitude that the magnitude of the phase shift effected by a light pulse given at a particular phase depends upon its strength: Weak pulses yield a Type-1 (low-amplitude) phase response curve (PRC), and saturating pulses yield a Type-0 (high-amplitude) PRC.
It is also clear that as the amplitude of the pacemaker's displacement (and thus the limit cycle diameter) is reduced, a weak light pulse that caused Type-1 behavior before will now cause a greater-perhaps a saturating (Type-0)-phase-shift response. Changing the pacemaker's amplitude is functionally equivalent to changing the strength of the light pulse it receives (Fig. 6 , right-hand panels); it is one way of changing what Pittendrigh and Takamura (1989) called the &dquo;subjective light intensity.&dquo; If, on the other hand, the light pulse is strong enough, the associated phase shift becomes largely independent of amplitude. That is evidently the case in the experiments summarized in Figure 1 , where 15 min of white light at 50 lux constitutes a pulse above saturation for the different amplitudes realized at 15°C and 25°C.
In general, the higher the amplitude of pacemaker state variables, the lower the amplitude of the PRC one obtains with a weak (subsaturating) light pulse. This has clear potential relevance to the latitudinal cline reported by Takamura (1987, 1989) for the eclosion pacemaker of Drosophila auraria: The amplitude of its PRC for a brief light pulse (15 min at 50 lux) declines steadily in a series of strains originating from 34°N to 43°N in the Japanese islands (Fig.7 , upper panel). Clearly this cline, which was initially described in terms of &dquo;subjective light intensity&dquo; and interpreted in terms of successively stronger &dquo;filters&dquo; in the input pathway of the light, is just as readily attributable to a steady increase of pacemaker amplitude in the succession of more northerly strains. It is noteworthy that the limited information available suggests a comparable latitudinal variation in the PRC amplitude of D. littoralis (Lankinen, 1986) .
LATITUDINAL CLINE IN THE RATE AT WHICH THE FREE-RUNNING RHYTHM DAMPS OUT: ANOTHER REFLECTION OF A CLINE IN PACEMAKER AMPLITUDE?
If the pacemaker cline we propose continues into the very high latitudes exploited by D. littoralis in Europe, it unexpectedly provides an attractive (and, so far, unique) explanation of Lankinen's ( 1986) otherwise perplexing observations on the free-running eclosion rhythm of D. littoralis from the most northerly environments. Unlike that of any other drosophilid studied, the eclosion rhythm of D. littoralis damps out in DD, and the further north one goes the faster the damping develops. The lower panel of Figure 7 gives the extremes of a wide range of latitudes Lankinen has sampled. Figure 8 , based on simulations with the pacemaker-slave model, illustrates the response of the slave oscillation-whose periodicity provides the daily eclosion signal-to steadily increasing pacemaker amplitude such as we envisage in going toward the pole. As the amplitude of S (the pacemaker variable) is increased, that of X (the slave variable) is steadily decreased and its level is dramatically increased. At the highest amplitudes of S, X approaches and then reaches arrhythmicity, and its level is so elevated that at all phases of the cycle it is well above any threshold that could have provided the periodic signal at lower latitudes (lower S). But this loss of periodicity in DD is not a problem in the LD conditions of nature, because the action of the long daily light pulse is to reduce R with a consequent depression in S amplitude, and this in turn FIGURE 7. Latitudinal clines in the circadian system that times eclosion in Drosophila. Upper panel: PRCs for two latitudinal strains of the eclosion pacemaker of D. auraria, one from the south of Japan (Miyake, 34°N, solid lines) and the other from the north (Hokkaido, 42°N, dotted lines). The transition from Type-1 to Type-0 resetting (open arrow) in the southern strain occurs at a lower energy than it does in the northern strain. See Pittendrigh and Takamura (1989) for details and further evidence of the cline. Lower panel: The eclosion rhythm of D. littoralis in Europe, free-running in constant darkness (DD). A weak tendency to damp in a strain from the south (47°N) is greatly amplified in the far north (65°N). See Lankinen (1986) for details and data on many other strains from intermediate latitudes.
restores periodicity to the slave (Fig. 8, lower right) . Thus Lankinen's otherwise unexplained cline in the behavior of D. littoralis from the very far north is attributable to the same cline (but extended) in pacemaker amplitude that we propose is the cause of D. auraria's PRC cline.
Computer simulations show that the loss of rhythmicity in the slave system due to high pacemaker amplitudes is not encountered when a linear oscillator is used as the slave (Fig.  8, upper right) ; by contrast, both of the nonlinear slaves (van der Pol and a second Pavlidis oscillator) examined so far respond to high pacemaker amplitudes by becoming essentially arrhythmic. FIGURE 8. Response of the slave oscillator that times eclosion to a major increase in the amplitude of the (Pavlidis) pacemaker that drives it. Upper left panel: The daily time course of the pacemaker's state variable S, which drives the slave (eclosion) oscillator. Four arbitrary amplitudes of S. Lower left panel: The daily time course of state variable S of the pacemaker (whose free-running amplitude is 3 in the upper panel), entrained to 24-hr LD cycles with photoperiods of 14, 16, 18, and 20 hr; the longer the photoperiod, the lower the amplitude of the pacemaker's state variable. Upper right panel: The daily time course of a linear slave oscillator driven by pacemakers at the four amplitudes given in the upper left panel, free-running in DD. The amplitude of the slave responds linearly to increase in the amplitude of the pacemaker. Middle right panel: The daily time course of the nonlinear slave oscillator given by equations 3 and 4 in the text, state variable X. As the amplitude of S is increased, the amplitude of X decreases (it eventually becomes completely aperiodic) and its level is raised well above any value providing a periodic eclosion signal at lower S amplitudes. Lower right panel: A pacemaker (whose free-running amplitude is 3) is entrained by LD cycles with long photoperiods characteristic of the far north (as in lower left panel). The light of these long photoperiods lowers R (and therefore S), restoring the level and amplitude of the slave to a normal range; thus a rhythm is possible in LD but not in DD.
TESTS OF THE PRINCIPAL PROPOSITIONS
Our first inference-that the temperature dependence of rhythm transients is attributable to a temperature effect on pacemaker amplitude-provides a test of the amplitude interpretation of both latitudinal clines. First, if the PRC of the northernmost strain of D. auraria (Hokkaido at 43°N) is assayed at a higher temperature than the 20°C Pittendrigh and Takamura (1989) used, the Type-1 configuration they encountered will be changed to Type-0 or something close to it. Raising the temperature will decrease pacemaker amplitude and thereby increase the phase shift effected by a given subsaturation pulse. Conversely, the magnitude of the phase shift obtained from a given light pulse applied to a southern strain will be reduced when the temperature is lowered and pacemaker amplitude is thereby increased.
Second, if again we raise the temperature-this time in assaying the damping behavior of D. littoralis in DD-our several propositions suggest (1) that pacemaker amplitude will decline with (2) a consequent decline in the salve oscillator's tendency to damp. At a sufficiently high temperature, damping should be eliminated.
Our interpretation of the damping behavior of D. littoralis in DD is subject to other tests, more complex but more powerful on that account. As in other drosophilids, highintensity constant light (LL) will arrest the pacemaker's motion on an isochron near the beginning of the subjective night. This in turn will damp the slave's motion, causing arrhythmicity in the population; LL and DD will elicit comparable behavior in D. littoralis. By contrast, rhythmicity of eclosion activity will not be lost when D. littoralis is exposed to low-intensity LL; constant low light does not stop the pacemaker, but only lengthens its period (Pittendrigh, 1981b) . In so doing, however, it keeps the amplitude of S low enough to permit periodicity in the slave oscillation. Low-intensity LL-unlike DD-should therefore permit a rhythmic free run, though high-intensity LL should not.
PACEMAKER AMPLITUDE AND THE PHOTOPERIODIC TIME MEASUREMENT
As reported elsewhere (Pittendrigh and Takamura, 1987;  T. Takamura and C. S. Pittendrigh, in preparation), D. auraria's photoperiodic responses vary systematically with latitude and temperature (Fig. 9 ). The diapause induction response to a given daylength and temperature is stronger in northern than in southern strains, and in any given latitudinal strain it is stronger at lower than at higher temperatures. In both these respects, variation in D. auraria's photoperiodic behavior parallels the variation we propose in the amplitude of the circadian pacemaker that drives its eclosion system: Amplitude is higher in the north than in the south, and is increased when the temperature is lowered. This invites the suggestion that the strength of the insect's photoperiodic response is also some function of pacemaker amplitude; the higher its amplitude during a particular entrained steady state, the greater the probability that, for instance, diapause will be induced. This suggestion is strengthened by the response of the Pavlidis pacemaker to an increase in the duration of photoperiods longer than ~11 I hr; as daylength increases, the amplitude of both state variables declines, paralleling the decline in photoperiodic responses (induction of diapause or black cuticle) ( Fig. 8 , lower left). Pacemaker amplitude is certainly a function of photoperiod and may well provide its measure in the life of the cell.
We prefer to leave this suggestion-an &dquo;amplitude hypothesis&dquo; for the photoperiodic time measurement-in very general terms at present and to explore more specific versions What is gained by the steady increase in pacemaker amplitude as one goes north? This question was raised earlier (Pittendrigh and Takamura, 1989, p. 234), when the cline was attributed to a northerly succession of stronger filters in the input pathway of light, progressively reducing the &dquo;subjective light intensity.&dquo; The answer offered then remains relevant to the cline seen in terms of increasing pacemaker amplitude. As noted earlier, simulations of entrainment show that as the duration of long natural photoperiods is increased, the amplitude of both pacemaker state variables is lowered (Fig. 8, lower left) . It follows that pacemaker amplitudes realized during the breeding season will be progressively reduced as one goes north, where the length of photoperiods throughout the summer months is steadily increased. It seems plausible that this reduction in amplitude amounts to a weakening of the pacemaker's s &dquo;signal&dquo; to the rest of the system it drives. Selection at successively higher latitudes to conserve &dquo;signal strength&dquo; would generate the clinical increase in the free-running pacemaker's amplitude that we suggest underlies the observed clines in resetting behavior and DD damping. Some unexpected features of the latitudinal variation in D. auraria's photoperiodic responses offer a more specific illustration of the selection pressure we envisage. At all latitudes sampled in Japan (Pittendrigh and Takamura, 1987, in preparation), the onset of D. auraria's breeding season occurs when the average monthly temperature is &horbar;10°C. But the average photoperiod coincident with 10°C is longer as one goes north, and without appropriate compensation, pacemaker amplitude at the target temperature would steadily decline. Thus if a specific pacemaker amplitude is somehow to identify 10°C at all latitudes, natural selection must offset the decrease in amplitude at this temperature in the north (due to longer daylength) by raising the overall (free-running) amplitude of the pacemaker (Fig.   10 ).
DISCUSSION
Our principal starting proposition-the temperature dependence of pacemaker amplitudeis also advanced by Lakin-Thomas et al. (this issue) in interpreting Nakashima and Feldman's s (1980) report that in Neurospora the phase-shift response to a given light signal declines steadily as the temperature is raised from 20°C to 34°C. In their explanation, Lakin-Thomas et al. note-as we have-that PRC amplitude is negatively correlated with pacemaker amplitude, and they propose that in Neurospora the latter is temperature-dependent. In adopting this interpretation one has, of course, to address the alternative possibility that variation in the phase-shift response is due to a temperature-sensitive input pathway (cf. Hamm et al., 1975) . In Drosophila the case for rejecting the input pathway interpretation is based principally on economy of hypothesis: Variation in that pathway fails to explain the temperature dependence of rhythm transients, and although a temperature-dependent coupling channel between pacemaker and slave could be invoked for this set of observations, it would offer no explanation of the two latitudinal clines in Drosophila. The clear merit of the period-independent amplitude approach in Drosophila is its potential explanation of so many different features of the circadian system, including the temperature dependence of photoperiodic time measurement. And its plausibility is greatly strengthened by the propositions of Lakin-Thomas et al. in regard to Neurospora. FIGURE 10. Diapause induction in relation to pacemaker amplitude (S), photoperiod, and latitude. Left panel: A southern strain in which the genetically determined free-running amplitude is such that all photoperiods greater than -14 hr reduce the amplitude of S below a threshold above which diapause is induced; critical daylength (CDL) is therefore-14 hr. Middle and right panels: Two successively more northerly strains in which the free-running amplitude has been progressively increased. The threshold avoiding diapause is now only passed when the photoperiod (hence CDL) is 16 hr, or, further north, 18 hr.
Although the two analyses strengthen each other, the Neurospora and Drosophila cases do differ in two respects. First, a temperature rise is inferred to lower the amplitude of the Drosophila clock but to increase that of Neurospora. Second, Lakin-Thomas et al. note a correlation in period mutants between period and apparent pacemaker amplitude, and consider period-dependent amplitude variation adequate to explain all the data from Neurospora. By contrast, we find period-independent variation necessary to account for at least some of the Drosophila observations. Neither difference seems fundamental, although the second could reflect a less complex pacemaker in the mold. Thus in all the Neurospora cases, pacemaker amplitude appears to increase as period is lengthened, and this also appears to hold true in several aspects of the Drosophila data (e.g., the per mutants of D. melanogaster, temperature effects in D. pseudoobscura, and the latitudinal clines of D. auraria; see Fig. 5 ). However, there is a major exception. A D. pseudoobscura strain (Early) established by selection over 60 generations for earliness in the daily eclosion peak has a pacemaker whose period is longer than that of either the wild type or the complementary line (Late) bred from the latest flies in the daily peak (Pittendrigh, 1981a) . The kinetics of its rhythm transients, however, imply that the amplitude of the Early pacemaker is smaller than that of either the Late or the wild-type pacemaker (see Fig. 16 of Pittendrigh, 1981a) . Neither of these discrepancies between fly and mold seems fundamental, and they are noted only to emphasize the diversity of period and amplitude relations implicit in the Pavlidis equations and apparently realized in Drosophila.
In proposing that the dependence of pacemaker amplitude on photoperiod and temperature underlies the cell's measurement of daylength, we are taking a radically different position from that outlined in an earlier summary of work on D. auraria (Pittendrigh and Takamura, 1987) . Our preference then, compatible with all the available data, was to attribute temperature dependence of D. auraria's photoperiodic responses to the flies' response to daylength, not their measurement of daylength. T'he basis for that preference was the tacit (but now unwarranted) assumption that since the pacemaker's period is essentially invariant with temperature (e.g., Pittendrigh, 1954) , this would also be true of its other features, such as its amplitude. For that reason, we supposed that the temperature dependence of insect photoperiodic phenomena could not be referred to the underlying circadian pacemaker. For well over 30 years (Pittendrigh, 1954 (Pittendrigh, , 1960 Sweeney and Hastings, 1960) , the effect of temperature on circadian systems has been considered principally in terms of their clock-like function, and attention has been focused on the invariance of pacemaker frequency over a wide range of temperatures. Useful as that focus may have been, it has also been a distraction from other ways in which temperature affects the driving oscillator of circadian systems. APPENDIX: NOTE ON THE PAVLIDIS OSCILLATOR In his 1967 paper, Pavlidis described a class of topological models that accounted for virtually all of the experimental observations then available on the response to light of the circadian pacemaker responsible for the eclosion rhythm in populations of Drosophila pseudoobscura pupae.
The formal version of the model is as follows:
where W(s) _ -cS -bS2 + d, and the parameter d is a bias that is reduced by light. That effect of light is noted explicitly in the version of equation 1 given in the text. An important constraint in the system is that R be non-negative. When R = 0 and W(s) < 0, equation 2 becomes dS/dt = -aS: S decays exponentially.
The parameters a, c, and d are positive and b is non-negative. They can be chosen so that the system has an isolated unstable singular point in the middle of the first quadrant and integral curves starting near the singular point will spiral clockwise outward. Once the spiraling curve reaches the S axis, the motion will continue from right to left until dR/dt becomes positive. The result is a stable limit cycle.
If the parameter b is strongly positive, the oscillator's amplitude is period-dependent, and increasing b increases the stability of the limit cycle, since dRldt becomes more negative. On the other hand, if b is equal to zero (or very small), the oscillator has the remarkable property that the amplitude of the limit cycle is no longer dependent on its period. This quasi-linear version of the Pavlidis oscillator responds in a somewhat unexpected way to a succession of brief light pulses. Provided they are strong enough, their action is additive, matching the observed outcome of two-pulse experiments such as those reported in Figure 1 . Pavlidis (1967) also outlined a useful concrete version of the model, in which the two state variables are a compound (S) whose synthesis is mediated by an enzyme (R) that is photochemically deactivated. R can be made zero by sufficient light but cannot be made negative.
